Abstract-The distribution kinetics of methylmercury (CH 3 Hg [II]) was determined in sheepshead minnows (Cyprinodon variegatus) after a single dose of different CH 3 Hg(II)-spiked food to determine what factors influence the bioavailability, uptake, and redistribution of CH 3 Hg(II) to various organs of C. variegatus. The kinetics of CH 3 Hg(II) distribution was measured in the different organs during a period of 0.1 to 35 d after dosage. The CH 3 Hg(II) distribution kinetics in the different tissues was modeled using a simple multicompartmental pharmacokinetic model, which assumed that blood was the conduit linking the CH 3 Hg(II) exchange between the different organs. The CH 3 Hg(II) was taken up into the intestinal tissue within hours after feeding, followed by a slow release to the blood and the other organs of the body. Exchange between the blood and the visceral organs was relatively slow, with maximum CH 3 Hg(II) uptake in the liver and gill occurring at 1.5 d following dietary exposure. Subsequently, the majority of the CH 3 Hg(II) was channeled from the viscera to the rest of the body with a substantial lag time after feeding. However, the rate of transfer between tissues in the studies reported here were faster than those measured by others for larger fish.
INTRODUCTION
It is well known that the bioaccumulation of mercury (Hg) in the aquatic environment is through either direct uptake from water or indirect (trophic) contamination via ingested food [1, 2] , with the latter route generally accepted as the primary exposure pathway for methylmercury (CH 3 Hg [II] ) uptake in fish [3, 4] . Empirical and field evidence indicate that most of the ingested CH 3 Hg(II) resides in muscle tissue after uptake, and accounts for over 90% of the Hg in the fish [5, 6] . Although recent advances in the bioaccumulation of mercury from both food and water sources have been made in terms of understanding the fate of CH 3 Hg(II) in aquatic organisms [6] [7] [8] [9] [10] [11] [12] , there is still a lack of understanding of the processes that control the extent of CH 3 Hg(II) bioaccumulation from food.
Most previous studies examining CH 3 Hg(II) uptake from food sources have not accounted for differences in food quality or food type [9, 11] , and in some instances examined the effect of uncharacteristically high Hg levels in pelleted commercial fish food [13] . Differences in CH 3 Hg(II) bioavailability from different food sources may be an important influence over the bioaccumulation of CH 3 Hg(II), and may affect the internal distribution of CH 3 Hg(II) in fish. The bioavailability of CH 3 Hg(II) from different food sources may be affected by factors such as the amount and duration of exposure, the residence time of food in the digestive tract, the relative binding strength of CH 3 Hg(II) to food surfaces, or the degree of digestion and absorption of CH 3 Hg(II)-contaminated food in the digestive tract of the fish. The extent of digestive solubilization has been suggested to be a determining factor in controlling the bioavailability of CH 3 Hg(II) to benthic organisms [14, 15] and fish [16] . Our studies with catfish and sturgeon showed that the extent of CH 3 Hg(II) release from biotic tissue and sediment during in vitro solubilization was different for sediment and tissue and between fish. To further investigate this, the uptake and distribution kinetics of CH 3 Hg(II) in sheepshead minnows, Cyprinodon variegates, after exposure to algae or flake food spiked with CH 3 Hg(II) was examined. In addition, a multicompartmental pharmacokinetic model was applied to quantify the distribution kinetics of CH 3 Hg(II) in C. variegatus. Pharmacokinetic modeling is a description of the accumulation and internal distribution of compounds among multiple tissues [17] . The application of this approach is an effective tool to quantitatively study the uptake and distribution of CH 3 Hg(II) in the blood and tissues of aquatic organisms, and to ascertain the processes that are rate-limiting. This is an application little used in Hg research, and such descriptions of the kinetics of Hg uptake in aquatic organisms are limited to only a few publications [9, 11, 18] .
MATERIALS AND METHODS

Fish
Adult sheepshead minnows, C. variegatus (0.9-1.2 g), obtained from Aquatic Biosystems (Fort Collins, CO, USA) were held in 1,000-gallon aquariums at the Chesapeake Biological Laboratory (Solomons, MD, USA) for one month prior to performing the experiments. The fish were maintained at a temperature of 20 Ϯ 1ЊC, a 12:12-h light:dark cycle, and received aerated, filtered brackish water (10‰) in a flow-through system. Fish were fed twice per day a commercial diet of Tetramin flake food (Tetra Holdings, Blacksburg, VA, USA) at 1.5% of their body weight.
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Environmental conditions
At least one week prior to the start of the experiment the fish were transferred to the experimental microcosms to allow for further acclimation and to reduce any induction of stress factors that may interfere with the experiment. A total of 54 fish were transferred randomly into 54 experimental microcosms (one fish/1-L glass microcosm) and maintained in a constant temperature-controlled room at 23 Ϯ 0.5ЊC. Each microcosm contained 10‰ filtered (0.2 m) aerated water, which was changed daily. The environmental conditions in the microcosms were as follows:
Ͻ 1 mg/L and dissolved ϩ NH 4 oxygen, 6.5 Ϯ 0.5 mg/L. Mesocosms were maintained on a 12:12-h light:dark cycle. Feeding was terminated 3 d prior to the experiment to allow for gut evacuation, thereby minimizing food interferences with the experimental conditions.
Preparation of exposure media
Tetraselmis green algae, obtained as a gift from Reed Mariculture (San Jose, CA, USA), and Tetramin flake food (Tetra Holdings, Blacksburg, VA, USA), were used as food sources in this study. The two food types were chosen because of the differences in their protein content per 100 g (19 g for Tetraselmis vs 48 g for Tetramin), and because algae is a structurally unmodified form of food, compared to flake food, which is modified. Each food type was mixed separately with 0.2 m Millipore water (Milli-Q, Bedford, MA, USA) to form a soft paste, and then spiked with methylmercury chloride, CH 3 HgCl (Sigma, St. Louis, MI, USA) from a stock of 160 mg/L (0.8 mM), in isopropanol. As these were short-term experiments measuring the kinetics of CH 3 Hg(II) uptake and redistribution, a high CH 3 Hg(II) spike was required to ensure that a CH 3 Hg(II) signal was observed. The CH 3 HgCl-spiked food was stored at 4ЊC for 2 d, after which contaminated food pellets were made. Briefly, the spiked food mixture was drawn into a 1-cm 3 acidwashed syringe, and squirted onto an acid-washed glass plate, after which it was allowed to dry slightly and sliced into food pellets. The food pellets were stored in acid-washed plastic vials at Ϫ20ЊC for 2 d prior to the experiment. On the day of the experiment, a subsample of the CH 3 Hg(II)-spiked food pellets was analyzed for CH 3 Hg(II) [19, 20] and yielded concentrations of 16 and 3 mg/kg wet weight for CH 3 Hg(II)-spiked flake food and algae, respectively. The differences in CH 3 Hg(II) concentrations between foods likely was related to the differences in protein content of the two foods, as Tetramin likely would have more binding sites available for CH 3 Hg(II) because of its high protein content.
Fish exposure, uptake, and clearance
At the start of the experiment, the aerators were removed from each microcosm and approximately 0.04 g of either CH 3 Hg(II)-spiked flake food or algae was deposited into the 54 microcosms. Each experimental treatment was performed in triplicate, resulting in a total of 24 microcosms assigned to each treatment (i.e., 2 treatments ϫ 3 replicates ϫ 8 time points). The remaining six randomly placed microcosms served as the unspiked controls, and fish in each of three microcosms were fed either unspiked flake food or algal pellets. After 90 min of feeding, each fish was removed from their respective experimental microcosms, rinsed briefly in clean 0.2-m filtered ambient seawater, and transferred separately to a second microcosm that contained clean 10‰ filtered (0.2 m) aerated seawater. The environmental conditions in the microcosm were similar to that of the experimental microcosm. Because the gut residency time for consumed food by sheepshead minnows is approximately 2 h (C. Dawson, Chesapeake Biological Laboratory, MD, USA, personal communication), each fish was allowed to depurate in their respective microcosms for this period of time. After the 2-h depuration period, the fish were transferred into a third and final microcosm.
The final microcosm served as a system in which fish could clear themselves of CH 3 Hg(II) for the duration of the experiment, with the exception of three fish that were removed from each treatment at 0.17 d after feeding (n ϭ 3 fish per treatment per time point). Thereafter, sampling took place at 1.5, 2.7, 5, 8, 18, and 35 d after feeding. Blood was drained from the caudal fin of each fish at the indicated time points, and was frozen separately in acid-washed plastic vials at Ϫ20ЊC. Blood sample volumes ranged from 50 to 150 l and therefore could not be centrifuged, and were stored as whole blood samples. Each fish was sacrificed immediately after collecting the blood and was frozen in acid-washed plastic vials until further analysis.
Although sheepshead minnows have an average gut residency time of about 2 h, the fish were not fed during the first 3 d of the experiment in order to allow them to maximize the assimilation and digestion of the CH 3 Hg(II)-spiked food. The water was changed daily during the first 6 d of the experiment to prevent possible recontamination from contaminated feces or dissolved organic carbon. Thereafter, the water was changed every 3 d because chances of recontamination from feces was small during the later periods of uptake experiments [11] . Water and feces samples were collected from the microcosms, and were stored in acid-washed Teflon bottles, double bagged, and frozen at Ϫ20ЊC.
Analytical techniques
All samples were thawed on the day of digestion, and whole fish samples were dissected for the intestine, gills, liver, and the rest of the body and weighed to the nearest milligram. All samples, including the blood, were analyzed for CH 3 Hg(II) content using standard protocols as described previously [12] . Briefly, all samples were digested by adding 50% H 2 SO 4 and 20% KCl, and were distilled immediately for CH 3 Hg(II) [20] , after which the distillate was stored overnight at 4ЊC. On the day of analysis, sodium tetraethylborate was added to the distillate to convert monomethylmercury to methylethylmercury. The volatile gaseous methylethylmercury was purged from solution with argon, and was trapped onto graphite-filled quartz columns for analysis by gas chromatography, with quantification using cold vapor fluorescence spectrophotometry [19] . Sample duplicates, CH 3 HgCl standards, blanks, and standard reference materials (IAEA-138, International Atomic Energy Association, Monaco) were incorporated in each analysis to ensure that suitable recovery was obtained at all times. The sample duplicates were not significantly different, and Ͼ80% of the standard reference material values were within the specified certification range. The detection limit, based on three standard deviations of the blank measurements, corresponded to 0.0063 ng/ml.
Model development
Our model was based on the premise that CH 3 Hg(II) in contaminated flake food or algae is digested subsequent to its delivery in the intestine (I) of the fish (Fig. 1) . Following 
Gut to feces (2, 4) k (4, 2) k (2, 5) k (3, 2) Gill to blood Blood to gill Rest to blood Blood to rest digestion, the CH 3 Hg(II) is absorbed across the intestinal wall and is transferred to the blood (B), after which it is distributed to the gill (G), liver (L), and the rest of the body (R). Because blood is in ubiquitous contact with the other organs of the body [21] , and because we collected blood in this study, we used it to determine the exchange of CH 3 Hg(II) between the intestine and the other organs. Each of the heavily perfused visceral organs (i.e., gill and liver) [22] were treated as separate compartments so that the kinetics of each compartment could be determined. Moreover, in a previous study [12] , we showed that the liver plays a fundamental role in CH 3 Hg(II) redistribution in fish, and ideally should be treated as a separate compartment.
For input into the model parameterization, the CH 3 Hg(II) burden in each compartment (i.e., the product of the CH 3 Hg(II) concentration, ng/g, and the weight of the tissue, g), was expressed as a proportion of the total assimilated dose received from the food. This circumvents the potential problems that may originate from interindividual differences associated with tissue size and dose, and accounts for the distribution of CH 3 Hg(II) in the different tissues of the body [11] . The CH 3 Hg(II) concentration in the blood was expressed as the total CH 3 Hg(II) content in the blood of the whole organism by taking the total blood volume of the fish into account, assuming 40 ml blood/kg tissue in teleosts [23] .
The model assumed simple first-order kinetics to describe the distribution of CH 3 Hg(II) in the different compartments, and was expressed by the following equations:
where, the CH 3 Hg(II) fluxes between the compartments are characterized by the rate coefficients, k (x,y) (d Ϫ1 ), where the first subscript (x) refers to the receptor organ and the second (y) refers to the source ( Fig. 1 ; Table 1 ). The flux k (0,1) in Figure  1 represents the elimination through feces from the intestine and is incorporated into the parameter D, which is the overall percentage of the CH 3 Hg(II) dose assimilated in the body. Thus, each organ interacts with the blood only and the blood is the conduit linking the various tissues.
We used the SAAM II ᭧ modeling software (Seattle, WA, USA) [24] for model development and parameter estimation (rate constants) for each food type. The data for each treatment was fitted by manual adjustment of the parameters, after which the quality of the model (i.e., goodness-of-fit) to the kinetic data was assessed by inspecting the data-model plots and the weighted sums of squares of the residuals. After adequately fitting the model, the resultant initial parameters were used to solve the differential equations using the Rosenbrock algorithm [24] .
The SAAM II program is very functional when assessing the parameter estimates and the goodness-of-fit. The program lends itself to evaluating the standard deviations of the parameter estimates, the parameter correlation matrixes, the weighted sums of squares of the residuals, and the appearance of the data-model plots. To evaluate the adequacy of the parameter estimates after fitting the model, we chose a fractional standard deviation Ͻ0.5 (i.e., when the standard deviation is less than half the parameter estimate), and a correlation coefficient threshold of 0.9, as advocated by Miller et al. [25] .
RESULTS AND DISCUSSION
Evaluation of the assimilation efficiency
The CH 3 Hg(II) concentrations in the unspiked control fish were 0.06 Ϯ 0.01 and 0.07 Ϯ 0.02 g/g wet weight tissue, in the algae and flake food treatments, respectively. The CH 3 Hg(II) levels in the fish, directly after a single oral dose of CH 3 Hg(II)-spiked algae or flake food, increased significantly (p Ͻ 0.05) to 0.10 Ϯ 0.02 and 0.41 Ϯ 0.28 g/g wet weight tissue, respectively, and remained elevated above background levels throughout the experiment. An evaluation of the assimilation efficiency in the fish, calculated as: 5%, respectively (Fig. 2) . The final assimilation efficiency confirmed that depuration was negligible during the 35 d of the experiment. Our assimilation efficiency estimates compare well with those reported for other teleosts for similar diet. For example, the assimilation efficiency in arctic charr (Salvelinus alpinus) [11] and American plaice (Hippoglossoides platessoides) [9] reportedly were Ͼ90% after a single oral dose of CH 3 Hg(II)-spiked food pellets. In contrast, the assimilation efficiency for catfish, Ictalurus punctatus, after feeding with CH 3 Hg(II)-spiked bloodworms was 61 Ϯ 5% [16] , similar to that found by others who fed fish with natural prey items [26] . These results confirm that food type has an important influence on assimilation efficiency, probably as a result of differences in the degree of CH 3 Hg(II) solubilization during digestion [16] . The high CH 3 Hg(II) assimilation efficiency values differ markedly from the much lower assimilation of inorganic Hg (3-8%) in fish [18] . A mass balance of the total CH 3 Hg(II) in the system showed that 75 Ϯ 28% and 73 Ϯ 48% of the Hg added as food was located in the fish 0.1 d after flake food and algae administration, respectively, while that found in the water accounted for only 4 to 5% in each treatment, although a portion of the Hg may possibly have been lost to the atmosphere or the walls of the microcosms during depuration. After 35 d, it was evident that the CH 3 Hg(II) had remained within the fish (algae: 75 Ϯ 34% of the added dose remained; flake food: 76 Ϯ 38%) and that CH 3 Hg(II) losses to the water and via feces throughout the experiment were insignificant (ϳ0.5-2%). An overall evaluation of the redistribution of CH 3 Hg(II) in the different organs revealed that CH 3 Hg(II) was redistributed internally from the visceral organs (i.e., gut, gill, liver) to the rest of the body over time (Fig. 3) . Overall, there was an increase in the relative CH 3 Hg(II) burden in the rest of the body from 42 Ϯ 17 to 65 Ϯ 29% in the algae treatment, and from 36 Ϯ 23 to 60 Ϯ 23% in the flake food treatment, by the end of the experiment, with the remainder of the CH 3 Hg(II) in the visceral organs.
Evaluation of the uptake and distribution kinetics of CH 3 Hg(II)
Overall, CH 3 Hg(II) uptake and distribution in the different compartments represented a very dynamic system as the CH 3 Hg(II) levels in the intestine remained high during the first few days after dose administration (Fig. 3) , followed by a decrease as it was redistributed to the blood, and other tissues of the body (Fig. 4 and 5) . The CH 3 Hg(II) levels in the intestine increased from 0.08 Ϯ 0.04 and 0.05 Ϯ 0.003 g/g, to 0.95 Ϯ 0.38 and 3.97 Ϯ 2.73 g/g, within 4 h after administration of algae and flake food, respectively. Orally administered food generally reaches the intestine of fish in significant amounts within hours after feeding [27] . Given the average gut residency time of 2 h in sheepshead minnows (C. Dawson, personal communication), it is expected that CH 3 Hg(II) accumulation in the intestine would reach a maximum within a relatively short period of time. The gut residency time is affected by the amount of food given and by the duration of exposure of the food to the fish [27, 28] and the rate of digestion also may depend on the digestibility of the food item. The intestinal concentration peaked at 0.7 d for the Tetramin treatment and 1.5 d for the Tetraselmis treatment.
As sufficient time for depuration and emptying of the intestinal lumen of any undigested CH 3 Hg(II)-spiked food was allowed before sampling, the concentrations measured reflect CH 3 Hg(II) absorption into the intestinal epithelium. This result is similar to the dietary CH 3 Hg(II) uptake reported by others, which was efficiently and rapidly taken up into the intestinal tissues of American plaice [9] and arctic charr [11] . Our CH 3 Hg(II) kinetic results are similar to those reported in the latter studies, suggesting that CH 3 Hg(II) kinetics trends occur independent of the fish species used.
The CH 3 Hg(II) content in the intestine remained fairly high, at approximately 16 to 30% of the assimilated dose during the first 2 d of the experiment, and then decreased to approximately 5% (Figs. 4a and 5a ). The role of intestinal solubilization in controlling CH 3 Hg(II) bioavailability has been shown for benthic invertebrates [14, 15] and fish [16] . Experiments with channel catfish and Atlantic sturgeon suggest that digestive processes may be the rate-limiting step to CH 3 Hg(II) bioavailability in fish [16] .
Methylmercury permeated the blood vascular space relatively slowly within approximately 4 h, and reached a maximum of 0.22 Ϯ 0.19 and 2.10 Ϯ 1.37 g/ml approximately 16 h after algae and flake food administration, respectively (Figs. 3, 4b, and 5b) . Generally, when delivered to the blood circulatory system, CH 3 Hg(II) is partitioned between the erythrocytes and the plasma of the aquatic organism, but preferentially accumulates in erythrocytes [29] . Thus, the whole blood CH 3 Hg(II) content represents a reliable index of the CH 3 Hg(II) burden in this compartment, and we could quantify the kinetics directly from the blood because this is the primary carrier for the distribution of CH 3 Hg(II) throughout the body.
When normalized to the assimilated dose, the CH 3 Hg(II) content in the blood of flake food-treated fish was 10.7 Ϯ 2.6%, compared to the algae-treated fish (6.7 Ϯ 3.1%), after 16 h (Figs. 4b and 5b) . The transfer of CH 3 Hg(II) from the intestine to the blood likely is associated with the rate of transfer of CH 3 Hg(II) across the inner membrane of the intestinal epithelium, as suggested by others [7] . Uptake and distribution of CH 3 Hg(II) is dependent on the reaction between CH 3 Hg(II) and thiolates found in the organism or in intestinal fluid [16] , which have binding affinities in the range of 10 15 to 10 20 . Transport across the membrane is governed by the CH 3 Hg(II) and thiolate reaction, where differences in binding affinities affect the rates at which CH 3 Hg(II) is redistributed [30] . Studies with perfused tissues of crabs indicate that CH 3 Hg(II) effluxes from the intestine to the blood is the rate-limiting step in the process relative to uptake from the external medium [31] , while others have suggested that the influx and efflux of Hg across the membranes of perfused organs (e.g., gill) in crabs are similar [32] . In the former study, the rate of uptake across the external membrane was found to be at least an order of magnitude higher than the rate of transfer from the tissue to the internal medium [31] .
The intestine is highly vascularized and is continuously in contact with blood and, therefore, intercompartmental CH 3 Hg(II) transfer between the intestine and the blood is expected. The exchange of CH 3 Hg(II) is bidirectional, and CH 3 Hg(II) rate constants from the blood to the intestine were 7.34 Ϯ 2.84 and 7.11 Ϯ 2.68 d
Ϫ1
, respectively, after algae or flake-food dosage, and were two-fold greater than determined Table 1 ). Other studies also have shown the propensity of Hg to cross membranes in both directions [32] .
Our in vitro intestinal solubilization and perfusion studies suggest that CH 3 Hg(II) solubilized from food complexes with available amino acids (e.g., cysteine, [Cys]) found in digestive fluids of fish, or derived from tissue digestion [16] , and can be transported as CH 3 Hg-Cys complexes across fish intestines [33] . It is likely that CH 3 Hg-Cys complexes are transported across the intestinal membranes and released into the bloodstream, where CH 3 Hg(II) is very labile and can exchange with other amino acids, as suggested by other studies [34] . CH 3 HgCys complexes also may be taken up from the blood into tissues via the same pathway, thereby resulting in bidirectional CH 3 Hg(II) exchange across membranes.
The similarity of the constants for each tissue, i.e., for blood-to-tissue and tissue-to-blood, indicate that the results are best interpreted by assuming that this is occurring for all visceral tissues, except the rest of the body (Table 1) . Clearly, it is only for the intestine that the blood-to-tissue rate constant is substantially higher than that of the tissue-to-blood. Sequential increases in the blood perfusion rates of intestines have been suggested postprandially for cod [28] , which could account for this result. However, as the intestinal tissue concentration was higher than that of the blood, on an ng/g basis, during the first days of the experiment, the overall net transfer of CH 3 Hg(II) was from the intestine to the blood, and not in the other direction (Figs. 4 and 5) .
The intestinal CH 3 Hg(II) concentration of the minnows, assuming that all the CH 3 Hg(II) in flake food (0.665 g; Table  2 ) or algae (0.135 g; Table 2 ) administered to the fish is solubilized, and considering an intestinal fluid volume of 0.2 ml in these fish, would be 3.3 g/ml and 0.68 g/ml, respectively. The flake-food concentration is similar to that of our in vitro intestinal perfusion concentration (0.10 g/ml) in channel catfish [33] . We can compare the rates of CH 3 Hg(II) transfer modeled here with these studies. Given a rate constant of 3.43 Ϯ 1.26 d Ϫ1 , and a CH 3 Hg(II) concentration of 3.97 Ϯ 2.73 g/g in the intestines of sheepshead minnows, the amount of CH 3 Hg(II) transferred (0.57 Ϯ 0.39 g g Ϫ1 h Ϫ1 ) from the intestinal tissue to the blood in this study is not significantly different from the rates of transfer (0.48 Ϯ 0.08 g g Ϫ1 h Ϫ1 ) obtained in our intestinal perfusion experiments [33] . The rates of CH 3 Hg(II) transfer from the blood to the intestine (0.15 Ϯ 0.05 g g Ϫ1 h Ϫ1 ), calculated in a similar manner, shows that the overall net transfer of CH 3 Hg(II) was from the intestine to the blood, as alluded to above.
Following exchange of CH 3 Hg(II) across the intestinal epithelium to the bloodstream, CH 3 Hg(II) is distributed to the visceral organs where it is either stored, detoxified, or further redistributed to other parts of the body [22, 35] . The decrease in CH 3 Hg(II) in the blood was associated with an increase in the CH 3 Hg(II) content in the liver and gill, and more slowly in the rest of the body (Fig. 4c-e and Fig. 5c-e) . The CH 3 Hg(II) uptake and distribution in the liver and gill were similar kinetically, and differed only in the magnitude of the CH 3 Hg(II) content in these compartments. Maximum levels of CH 3 Hg(II) in the gill (0.23 Ϯ 0.18 g/g, algae; 2.09 Ϯ 1.16 g/g, flake food) and liver (0.80 Ϯ 0.49 g/g, algae; 8.44 Ϯ 4.16 g/g, flake food) were reached approximately 1.5 d following dietary exposure (Fig. 3) . The larger proportion of CH 3 Hg(II) was channeled from the blood to the liver and reached a maximum of approximately 8% of the body burden, as opposed to the gills where the CH 3 Hg(II) content increased to a maximum of approximately 4% of the body burden. The liver, a highly perfused organ responsible for detoxification, was the target organ for CH 3 Hg(II) concentration, as opposed to the gill. This is similar to our findings reported for sheepshead minnows exposed to CH 3 Hg(II) in water [12] , as well as in plaice [18] , American plaice [9] , and arctic charr [11] , where the liver was the primary site for CH 3 Hg(II) storage and possibly detoxification during the first few days after dose administration. Mass balance calculations show that little of the CH 3 Hg(II) was degraded during the experiment.
Methylmercury transfer from the intestine to the liver and gill was a kinetically similar process, irrespective of the food source (Fig. 4c-d and 5c-d; Table 1 ). The time course for CH 3 Hg(II) distribution in these organs was biexponential as CH 3 Hg(II) was released from these tissues. The CH 3 Hg(II) content in the liver and gill had decreased by approximately 50% within 5 d after dose administration, with a steady-state distribution achieved almost 5 d later. The decrease in the visceral organs indicates that CH 3 Hg(II) initially accumulates in these tissues after exposure, but that these are not long-term storage sites.
The decline in the CH 3 Hg(II) concentration in the visceral organs of fish corresponded with an increase in CH 3 Hg(II) in the muscle tissue, and the rate constants further indicate that CH 3 Hg(II) was released slowly from the visceral organs to the blood (Table 1 ). In fact, the intercompartmental CH 3 Hg(II) exchange between the blood and the gills or liver was similar, i.e., a 1:1 ratio of CH 3 Hg(II) exchange between the blood and these organs was observed. The intercompartmental CH 3 Hg(II) exchanges observed between the blood and the intestine was higher, and could be attributed to the fact that the liver and the gills were less perfused than the intestine, as blood possibly was taken away from the visceral organs to the intestine, as suggested for fish postprandially [36] . Moreover, a higher perfusion of the intestine compared to the liver, gill, and various other organs were reported for rainbow trout [36] and largescale sucker [37] .
The CH 3 Hg(II) concentration in the rest of body increased from 0.05 Ϯ 0.02 and 0.08 Ϯ 0.02 g/g, to 0.12 Ϯ 0.06 and 0.65 Ϯ 0.36 g/g, after algae and flake-food administration, respectively (Fig. 3) , and reached approximately 85% of the assimilated dose after the first 5 d of the experimental period ( Fig. 4e and 5e ). This is indicative that CH 3 Hg(II) was distributed effectively to this compartment after oral dosage of both food types, where 80 to 90% of the CH 3 Hg(II) in the body, when compared to the other compartments, is located.
The rest of the body clearly is the long-term sink for CH 3 Hg(II). This compartment mostly is comprised of muscle tissue, and contributes to the bulk of the body mass of the fish. It is a well-known fact that CH 3 Hg(II) has a high affinity for muscle tissue where it is readily incorporated [12] , and that it accounts for Ͼ90% of the Hg in freshwater fish axial muscle [38] . Our field studies also support the large occurrence of CH 3 Hg(II) in the muscle tissue [6] . The muscle tissue, therefore, represents a large sink for CH 3 Hg(II), and the high CH 3 Hg(II) content may be attributed to transport of CH 3 Hg(II) bound to thiol ligands of amino acids (e.g., cysteine) that presumably are transported mostly to the muscle tissue for protein synthesis. As a consequence, CH 3 Hg(II) would inadvertently be taken to the muscle tissue, where it is bound up tightly and where it remains for a long time.
Overall, our results compare well with those reported in other teleosts (Table 2) . Rouleau et al. [9] reported that by 42 d, the rest of the body accounted for 85% of the Hg body burden in American plaice, though it was lower (3-5%) in the gonads, gut, and liver, and even less in the other tissues. Similarly, Pentreath [18] found approximately 80% of the CH 3 Hg(II) in the muscle tissue, and Ͻ5% associated with the intestine of plaice after a single dietary dose of CH 3 Hg(II)-labeled Nereis. The bulk of the CH 3 Hg(II) is stored in this compartment, and it has been shown that the biological halftime (t 1/2 ) for elimination of CH 3 Hg(II) from muscle tissue generally is in the order of two years [39] . Because Ͼ90% of the CH 3 Hg(II) is found in the rest of the body, elimination of CH 3 Hg(II) from this compartment in sheepshead minnows could be considered to be a process that exceeds well beyond the time-frame of this study.
The temporal evolution of exchange between the blood and the rest of the body was similar irrespective of the food source, and the rate constants for CH 3 Hg(II) transfer from the blood to the rest of the body was 8.39 Ϯ 1.57 and 7.26 Ϯ 1.37 d Ϫ1 , for algae and flake food, respectively (Table 1) . Also, the rate constants for CH 3 Hg(II) transfer from the rest of the body to the blood was much lower, i.e., 0.25 Ϯ 0.05 and 0.28 Ϯ 0.06 d Ϫ1 , for flake food and algae, respectively, supporting the above-mentioned notion that CH 3 Hg(II) release from the rest of the body is a relatively slow process.
When examining Table 2 , it is evident that the kinetics of CH 3 Hg(II) uptake is much faster in this study than the other studies reported. Generally, in multicompartmental models, the t 1/2 is calculated from the slope (␤), which is dependent on the intercompartmental transfer constants, e.g., k (1, 2) ϩ k (2, 1) [20] . The SAAM II calculates the intercompartmental transfer constants as presented above, but for comparison with other studies we calculated ␤ for the net exchange of CH 3 Hg(II) between the visceral organs and the rest of the body (Table 2) . When using ␤, the t 1/2 for CH 3 Hg(II) exchange between the visceral organs and the rest of the body is approximately 2 d in our study and is much faster than the 11 d calculated for arctic charr [11] (Table 2 ). The t 1/2 estimated in our study may represent the fast phase of elimination of CH 3 Hg(II) from the visceral organs to the rest of the body of the fish. The elimination rate of mercury from the tissues has been suggested to be biphasic, i.e., a fast phase that increases from about 2 to 4 d (up to 10 d), and a slow phase that has a value of months to years [39] . Burrows and Krenkel [40] reported that in bluegill, L. macrochirus, 20 to 30% of the initial Hg burden was eliminated from the organs during the fast phase, after receiving a single dose of dietary Hg.
Numerous factors, such as the volume and concentration of the contaminated food administered to the organism, and the size of the organism, and hence the metabolic rate of the organism, can influence CH 3 Hg(II) uptake and distribution in the organism. The metabolic rate per unit body mass of a small fish generally is much faster than that of a larger fish [41] , and hence the rate of digestion per unit body mass would be much faster in the smaller fish when compared to the larger fish. Jobling et al. [42] reported a linear relationship existed between fish weight and gastric evacuation time after feeding dab, L. limanda, a known proportion of their body weight. Similarly, smaller O. punctatus evacuated a given percentage of their meal faster than larger fish [41] . In our study, sheepshead minnows weighing approximately 1 g were used, though much larger American plaice, plaice, and arctic charr were used in the other studies (Table 2) . Therefore, the apparent faster distribution of CH 3 Hg(II) in our study likely is related to a higher metabolic rate per unit body mass in sheepshead minnows.
Alternatively, the faster distribution kinetics in sheepshead minnows compared to the other fish may be related to the concentration of the CH 3 Hg(II) dose administered. The total CH 3 Hg(II) dose administered here to sheepshead minnows was much lower that that of the other studies (Table 2) . Intestinal perfusion studies performed on crabs in our laboratory revealed that the CH 3 Hg(II) flux to the internal medium (haemolymph) was nonlinear and showed signs of saturation of the fluxes across the membrane as the CH 3 Hg(II) concentration was increased from 0.005 to 0.5 g/ml [31] . As indicated earlier, digestion of the total CH 3 Hg(II) content in the food administered to sheepshead minnows would yield CH 3 Hg(II) exposure concentrations of 0.027 and 0.133 g/ml in the algae and flake-food treatments, respectively. These concentrations are within the low range of the CH 3 Hg(II) concentrations used in the crab perfusion experiments [31] , and is much lower than the CH 3 Hg(II) exposure concentrations calculated in a similar manner for American plaice (1 g/ml; [9] ) and arctic charr (2.5 g/ml; [11] ). Considering the lower CH 3 Hg(II) exposure in our study, saturation of the tissues would be less when compared to studies where higher CH 3 Hg(II) concentrations were used. Thus, the faster rate of CH 3 Hg(II) distribution in sheepshead minnows could be associated with the lower CH 3 Hg(II) concentrations used in our study. Further studies are needed to test this notion.
Evaluation of the kinetic model
Pharmacokinetic models offer several advantages in addressing the uptake of CH 3 Hg(II) into an organism and make Uptake of methylmercury into fish Environ. Toxicol. Chem. 23, 2004 2145 the evaluation of the distribution kinetics of CH 3 Hg(II) in the aquatic organism more powerful. The reliability of the SAAM II program has been compared to PC/WinNonlin᭧ models (Mansfield Center, CT, USA), and the parameter estimates (rate constants) and model predictions, in general, were in good agreement with each other (a difference of 1% or less was considered to be agreement) [43] . The estimated rate constants in the different compartments are considered significant as illustrated by the fractional standard deviation of Ͻ0.5 for both food types ( Table 1 ). The kinetics of CH 3 Hg(II) in the different compartments was similar after a single dose of CH 3 Hg(II)-spiked flake food or algae (Figs. 4 and 5) . A high correlation here for the liver and gill is attributed to the large change in the tissue CH 3 Hg(II) concentrations in the first few hours. The correlation coefficients were highly correlated (correlation coefficient Ͼ0.9) in each of the CH 3 Hg(II)-spiked food types administered. Based on our data-model plots, statistics, and comparisons with our perfusion studies [32] , we feel that the kinetic model adequately described the distribution kinetics of CH 3 Hg(II) within the body of C. variegates over time.
